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Abstract
5HVHDUFKHV DLP WR VLJQLILFDQWO\ LQFUHDVH WKH RSHUDWLRQDO SURSHUWLHV RI WKH ZRRG PDWHULDOV ZLWKRXW FRPSURPLVLQJ RQ WKHLU
HQYLURQPHQWDOVLJQLILFDQFH7KHSRVVLELOLW\RILPSOHPHQWLQJDIXQGDPHQWDOO\QHZDSSURDFKLQYROYLQJILOOLQJWKHIUHHVSDFHLQWKH
ZRRGILEHUVWUXFWXUHZLWKVXFKPLQHUDO ILOOHUSDUWLFOHVDVQDQRVL]HGEDVDOW LVVKRZQ7KHUHVHDUFKIRFXVHVRQVROYLQJSUREOHPV
FRQFHUQHGZLWK WKH RSWLPDO TXDQWLWDWLYH UDWLR VHOHFWLRQ IRU WKH ILQHPLQHUDO FRPSRQHQWV RIZRRG FRPSRVLWHZRUNLQJ RXW WKH
PLQHUDO UHLQIRUFHGPDWHULDO SURWRW\SHV DQG WHVWLQJ WKHLU K\GURSK\VLFDO DQG ILUHWHFKQLFDO SURSHUWLHV 7KH SURSRVHGPHWKRG RI
KLJKO\GLVSHUVHGZRRGPDWHULDO UHLQIRUFLQJZLWKEDVDOWQDQRSDUWLFOHVDOORZVJHWWLQJKLJKO\ZDWHUDQGKHDWUHVLVWDQWDVZHOODV
HFRIULHQGO\UDZPDWHULDOV7KHFRPSRVLWHUHLQIRUFHGZLWKZRRGILEHULVFKDUDFWHUL]HGE\WKHGHFUHDVHGOHYHORIZDWHUDEVRUSWLRQ
YDOXHVDQGWKHVLJQLILFDQWO\UHGXFHGVPRNHHPLVVLRQFRHIILFLHQW
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI63E8&(0)
Keywords:0LQHUDOUHLQIRUFHGZRRGQDQRGLVSHUVHGEDVDOWK\GURSK\VLFDOSURSHUWLHVK\EULGFRPSRVLWHVXVSHQGHUILUHWHFKQLFDOSURSHUWLHV
1. Introduction
7KH KLVWRU\ RI WKH )DU 1RUWK DUFKLWHFWXUH LWV SDWWHUQV DQG YDULHW\ RI IRUPV LV PDLQO\ LQIOXHQFHG E\ WKH
JHRJUDSKLFDOIHDWXUHVFOLPDWHDQGQDWXUHFRQGLWLRQVDVKHDY\IURVWVZLQGVRUKHDWDUHFRPPRQIRUDOOWKHVHDUHDV
*HQHUDOO\WKHFOLPDWLFFRQGLWLRQVGHFLVLYHO\LQIOXHQFHWKHORQJHYLW\RIVWUXFWXUHVDQGEXLOGLQJV7KHUHIRUHVHOHFWLQJ
&RUUHVSRQGLQJDXWKRU7HOID[
(PDLODGGUHVVDL]HQPDULD#JPDLOFRP

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RUGHYHORSLQJRIWKHPRVWVXLWDEOHFRQVWUXFWLRQPDWHULDOVIRUVXFKRSHUDWLRQDOFRQGLWLRQVLVGHWHUPLQHGE\FOLPDWLF
IDFWRUV
7KHPRVWFRPPRQDQGHQYLURQPHQWDOO\IULHQGO\EXLOGLQJPDWHULDOIRUWKHQRUWKHUQWHUULWRULHVLVZRRG>@7KH
FRPSOH[ XVH RI WKLV PDWHULDO LQ FRQVWUXFWLRQ LV DVVRFLDWHG ZLWK WKH RSWLPDO FRPELQDWLRQ RI VXFK SURSHUWLHV DV
KDUGQHVV ZHDU UHVLVWDQFH VWUHQJWK GHIRUPDELOLW\ HODVWLFLW\ DFRXVWLF UHVLVWDQFH ORZ WKHUPDO FRQGXFWLYLW\ DQG
RWKHUV ,QDGGLWLRQ WKH UHODWLYHO\TXLFN UHQHZDELOLW\DVRQHRI WKH VLJQLILFDQWDGYDQWDJHVRI WKHGLVFXVVHGZRRGHQ
UDZPDWHULDO VKRXOG EHPHQWLRQHG > @+RZHYHU WKHUH DUH VRPH GLVDGYDQWDJHV RI ZRRG HJ VXVFHSWLELOLW\ WR
URWWLQJIODPPDELOLW\K\JURVFRSLFLW\VL]HKXPLGLW\GHSHQGHQFHZDUSLQJDQGFUDFNLQJODUJHO\OLPLWLQJWKHUDQJH
RIRSHUDWLRQDOSURSHUWLHV HVSHFLDOO\ZKLOHXVLQJ LQH[WUHPHFOLPDWLFFRQGLWLRQV7KHUHIRUH WKH UHVHDUFKHV¶DLP WR
LQFUHDVH VLJQLILFDQWO\ WKH ZRRGPDWHULDO RSHUDWLRQDO SURSHUWLHV ZLWKRXW UHGXFLQJ LWV HQYLURQPHQWDO LPSRUWDQFH LV
HVSHFLDOO\ UHOHYDQW )RU H[DPSOH D VLJQLILFDQWO\ LQFUHDVHG UHVLVWDQFH OHYHO RI ZRRG H[SRVHG WR H[WUHPH
HQYLURQPHQWDO IDFWRUVZDV DFKLHYHG E\ WKH DXWRFODYHG WUHDWPHQWZLWK WKH VXVSHQVLRQ FRQWDLQLQJ KLJKO\ GLVSHUVHG
EDVDOWSDUWLFOHVDVWKHVROLGSKDVH>@
$OVRWKHSURGXFWLRQRIFRPSRVLWHPDWHULDOVEDVHGRQPLQHUDOUHLQIRUFHGZRRGPDWUL[LVRIKLJKLQWHUHVW>@,Q
DGGLWLRQWKHSRVVLELOLW\RILPSOHPHQWLQJDIXQGDPHQWDOO\QHZDSSURDFKLQYROYLQJILOOLQJWKHVSDFHLQWKHZRRGILEHU
VWUXFWXUHZLWKPLQHUDOILOOHUSDUWLFOHVQDQRVL]HGEDVDOWZDVGHPRQVWUDWHG>@
8VLQJWKHSDUWLFOHVRIQDQRGLVSHUVHGEDVDOWDVDUHLQIRUFLQJPLQHUDOILOOHULQKHUHQWO\SRVVHVVLQJVXFKSURSHUWLHVDV
KLJK VWUHQJWK ORZ ZDWHU DEVRUSWLRQ KLJK DEUDVLRQ UHVLVWDQFH KHDW UHVLVWDQFH ILUH UHVLVWDQFH VRXQG LQVXODWLRQ
ORQJHYLW\FRXOGVLJQLILFDQWO\LPSURYHSK\VLFDOPHFKDQLFDOILUHWHFKQLFDODFRXVWLFDQGWKHUPDOLQVXODWLRQSURSHUWLHV
RIWKHFRPSRVLWHDVZHOODVVWUHQJWKHQWKHUHVLVWDQFHRIWKHEXLOGLQJPDWHULDOWRWKHELRORJLFDOO\DJJUHVVLYHPHGLD
DQGFRQVHTXHQWO\H[WHQGLWVVHUYLFHOLIH>@
5HLQIRUFLQJDZRRGPDWUL[ZLWKQDQRVL]HGSDUWLFOHVRIPLQHUDO ILOOHU LV WKHRUHWLFDOO\EDVHGRQ WKH IDFW WKDW WKH
ZRRGPDWHULDOKDVDILEHUVWUXFWXUHFDSDEOHRIVZHOOLQJLQWKHZDWHUPHGLXP,WLVNQRZQWKDWWKHGHJUHHDQGUDWHRI
ZRRG ILEHU VZHOOLQJ FRXOG EH DGMXVWHG E\ FKDQJLQJ WKH S+ EDODQFH RI WKH GLVSHUVLRQ PHGLXP DQG WKH H[WHUQDO
FRQGLWLRQV LQIOXHQFLQJ LW WHPSHUDWXUHSUHVVXUHPHFKDQLFDO IDFWRUV >@7KHUHIRUHZKLOHFKDQJLQJ WKHJHRPHWULF
GLPHQVLRQVRIWKHZRRGPDWUL[LQWKHDTXHRXVQDQRVL]HGILOOHUVXVSHQVLRQILOOLQJWKHLQQHUFDYLW\OXPHQFHOOZDOO
SRUHV DQG VXEPLFURVFRSLF FDSLOODULHV RI WKHZRRG ILEHU ILEULOODU VWUXFWXUHZLWK WKHPLQHUDO GLVSHUVHG SKDVH FRXOG
RFFXUVSRQWDQHRXVO\GXHWRWKHFDSLOODU\IRUFHVDQGRVPRWLFSUHVVXUH
7KH UHVHDUFK DLPV WR VROYH SUREOHPV UHODWHGZLWK VHOHFWLQJ DQ RSWLPDO TXDQWLWDWLYH UDWLR RI WKH ILQH GLVSHUVHG
FRPSRQHQWV RI WKHPLQHUDOZRRG FRPSRVLWH GHYHORSLQJPLQHUDO UHLQIRUFHGPDWHULDO SURWRW\SHV DQG WHVWLQJ WKHLU
K\GURSK\VLFDODQGILUHWHFKQLFDOSURSHUWLHVWKHVPRNHSURGXFWLRQFRHIILFLHQWEHLQJXVHGDVWKHPDLQFULWHULRQIRUWKH
ILUHWHFKQLFDOSURSHUWLHVRIWKHGHYHORSHGPLQHUDOFRPSRVLWHEHFDXVHRIEXLOGLQJPDWHULDOVPRNHHPLVVLRQZKLOH
VPROGHULQJEHLQJFRQVLGHUHGRQHRIWKHPDLQILUHKD]DUGFKDUDFWHULVWLFV>@

2. Materials and Methods
2.1. Materials
3LQH ZRRG FXW LQ WKH $UNKDQJHOVN UHJLRQ 5XVVLD ZDV XVHG IRU PDWUL[ UHLQIRUFLQJ LQ IRUP RI VDZGXVW SLQH
WLPEHUVDZLQJE\SURGXFW'HVSLWHRIWKHVSUXFHEHLQJWKHPRVWZLGHVSUHDGWUHHVSHFLHVLQWKHUHJLRQSLQHZRRGLV
PXFKPRUHVXLWDEOHEXLOGLQJPDWHULDOEHFDXVHRILWVEHLQJPRUHGXUDEOHDQGGHQVHHDVLHUWRSURFHVVDQGKDYLQJOHVV
IODZV
%DVDOW FUXPEV UXEEOHSURGXFWLRQZDVWHSURGXFHG LQ WKH0\DQGXKDGHSRVLW $UNKDQJHOVN UHJLRQ5XVVLDZDV
WDNHQDVPLQHUDOILOOHU7KHFKRLFHRIWKHEDVDOWDVWKHPDLQFRPSRQHQWZDVFDXVHGE\LWVILUHUHVLVWDQWSURSHUWLHVDQG
DFFHVVLELOLW\RIWKHGHSRVLWLQWKHUHJLRQ

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2.2. Methods
2QHVWHSGU\JULQGLQJRIWKHVDZGXVWWRWKHPLFURGLVSHUVHGVWDWHZDVFDUULHGRXWZLWKXVHRIWKHSODQHWDU\EDOO
PLOO5HWVFK50GXULQJPLQXWHVWKHURWDWLRQVSHHGRIWKHJULQGLQJFXSEHLQJUHYPLQ
7KH QDQRVL]HG EDVDOW VDPSOHV SURGXFWLRQZDV EDVHG RQ WKHZHW JULQGLQJPHWKRG XVLQJ WKH SODQHWDU\ EDOOPLOO
5HWVFK50IRUPLQXWHVWKHURWDWLRQVSHHGRIWKHJULQGLQJFXSEHLQJUHYPLQ
7RJULQGZRRGDQGEDVDOWVDPSOHVWXQJVWHQFDUELGHJULQGLQJERGLHV¡ PPZHUHXVHG
'LPHQVLRQVRIZRRGDQGEDVDOWKLJKO\GLVSHUVHGSDUWLFOHVZHUHGHWHUPLQHGE\WKHPHWKRGRISKRWRQFRUUHODWLRQ
VSHFWURVFRS\ WKH ȗSRWHQWLDO EHLQJ VSHFLILHG E\ HOHFWURSKRUHVLV UDWHPHDVXULQJ XVLQJ WKH'HOVD1DQR6HULHV=HWD
3RWHQWLDODQG6XEPLFURQ3DUWLFOH6L]H$QDO\]HUV
7KHEDVLF UHVHDUFKHVRI WKHGLPHQVLRQDOFKDUDFWHULVWLFVZHUHFDUULHGRXWRQDXQLTXHUHVHDUFKVHWWLQJ3K\VLFDO
&KHPLVWU\RI6XUIDFHVRIWKHP\FRDQGQDQRGLVSHUVHGV\VWHPV
7ROHYHOGRZQWKHHOHFWURVWDWLFEDUULHUXSRQEDVDOWSDUWLFOHVFRPLQJLQWRFRQWDFWZLWKWKHZRRGVXUIDFHPLQHUDO
FRPSRQHQWQDQRSDUWLFOHVXUIDFHUHFKDUJHZDVFDUULHGRXWE\DGGLQJ0J&OVROXWLRQPROOLWHUWRWKHVXVSHQVLRQ
POSHUOLWHURIWKHVXVSHQVLRQ
7RUHLQIRUFHWKHZRRGPDWUL[WKHPLFURGLVSHUVHGZRRGSDUWLFOHVZHUHSODFHGLQWRWKHDTXHRXVVXVSHQVLRQRIWKH
QDQRVL]HG EDVDOW ILOOHU DQG WKHQ YLJRURXVO\ PHFKDQLFDOO\ VWLUUHG IRU  PLQXWHV $IWHU WKDW UHLQIRUFHG ZRRG
SDUWLFOHVZHUHVHSDUDWHGIURPWKHEDVDOWVXVSHQVLRQXVLQJWKHJULGVFHOOVL]HEHLQJPLFURQ
6WXG\LQJ ZRRG PLFURSDUWLFOHV VZHOOLQJ KDG IROORZLQJ VWDJHV )LUVW DIWHU PHFKDQLFDO JULQGLQJ VHSDUDWHG
DEVROXWHO\GU\DQGKLJKO\GLVSHUVHGZRRGIUDFWLRQZDVSXW LQWRWKHFRQWDLQHU ILOOHGZLWKGLVWLOOHGZDWHU7KHQ WKH
VXVSHQVLRQZDVH[SRVHGWRFRQVWDQWVWLUULQJE\DPDJQHWLFVWLUUHUDQGDIWHUWKHSUHVFULEHGSHULRGRIWLPHWKHDYHUDJH
SDUWLFOH VL]H ZDV PHDVXUHG 'XULQJ WKH H[SHULPHQW  PLQXWHV VDPSOHV ZHUH WDNHQ HYHU\  PLQXWHV DQG WKH
GLPHQVLRQDOFKDUDFWHULVWLFVRIWKHVROLGSKDVHSDUWLFOHVZHUHGHWHUPLQHGE\WKH'HOVD1DQR6HULHV=HWD3RWHQWLDODQG
6XEPLFURQ3DUWLFOH6L]H$QDO\]HUV
7KHUHVHDUFKRQKLJKO\GLVSHUVHGZRRGDQGEDVDOWVDPSOHVDVZHOODVUHLQIRUFHGZRRGPDWUL[ZDVFDUULHGRXWE\
XVLQJ WKH VFDQQLQJHOHFWURQPLFURVFRSHDW WKH6KDUHG8VHRI(TXLSPHQW&HQWHU³$UNWLND´ LQ1$U)8QDPHGDIWHU
09/RPRQRVRY7KHSKRWRJUDSKVRIWKHVXUIDFHVZHUHREWDLQHGE\WKHPLFURVFRSH6,*0$93=(,66
+\GURSK\VLFDOSURSHUW\ZDWHUDEVRUSWLRQRIWKHSURGXFHGFRPSRVLWHZDVGHWHUPLQHGE\PHDVXULQJWKHFKDQJH
LQPDVVRI WKHVROLGSKDVHRIPLFURGLVSHUVHGZRRG WUHDWHGZLWKEDVDOWDQGVHSDUDWHGRXW IURPWKH VXVSHQVLRQ WKH
H[SHULPHQWHGVDPSOHVKDYLQJEHHQSUHFXUHGLQWKHGU\LQJRYHQDWDWHPSHUDWXUHRI&XSWRWKHFRQVWDQWZHLJKW
7KHQ WKHVROLGSKDVHZDV LPPHUVHGPPEHORZWKHGLVWLOOHGZDWHU OHYHO LQ WKHUHFHSWDFOH ZDWHU WHPSHUDWXUH 
&FXULQJWLPHKRXUV$IWHUWKDWWKHDQDO\]HGVDPSOHVZHUHH[WUDFWHGIURPWKHDTXHRXVSKDVHE\ILOWHULQJ
WKURXJKDSDSHUILOWHUWRUHPRYHWKHH[FHVVLYHPRLVWXUH
7KHZHLJKWRIWKHVDPSOHVDQGWKHZDWHUDEVRUSWLRQǻZZHUHFDOFXODWHGE\WKHIROORZLQJIRUPXOD
 

 '
m
mmw 

ZKHUHPDQGPDUHYDOXHVRIVROLGSKDVHPDVVEHIRUHDQGDIWHUPRLVWXUL]LQJUHVSHFWLYHO\
)LUHWHFKQLFDO SURSHUWLHV VPRNH HPLVVLRQ RI WKH PLQHUDO UHLQIRUFHG ZRRG FRPSRVLWH ZHUH DQDO\]HG E\ WKH
6PRNHHTXLSPHQWWRGHWHUPLQHWKHVPRNHHPLVVLRQFRHIILFLHQW
$V WHVWVDPSOHV WKHVROLGSKDVHH[WUDFWHGIURPWKHVXVSHQVLRQDQGFRQVLVWLQJRIPLFURGLVSHUVHGZRRGSDUWLFOHV
ILOOHGZLWKEDVDOWZDVWDNHQ$OOVDPSOHVEHIRUHWHVWLQJZHUHFXUHGDWDWHPSHUDWXUHRI&IRUKRXUVDQGWKHQ
WKHLUPDVVZDVPHDVXUHG7HVWLQJ RI WKH VDPSOHVZDV FDUULHG RXWZKLOH VPROGHULQJ 3DUDPHWHUV XQGHU FRQWUROOHG
ZHUHLQLWLDOYDOXH7DQGWKHILQDOYDOXH7PLQRIWKHOLJKWWUDQVPLVVLRQFRHIILFLHQWLQWKHPHDVXULQJFKDPEHUWKH
ZD\RI WKH OLJKWEHDPIURPWKHVRXUFH WRUHFHLYHU / ,Q WKHFDVH7PLQYDOXHVZKHUHRXWRI WKHUDQJH WKH OLJKW
WUDQVPLVVLRQ LQWHQVLW\ ZDV UHJXODWHG E\ YDU\LQJ WKH YDOXH RI / 6PRNH HPLVVLRQ FRHIILFLHQW 'P PNJ ZDV
FDOFXODWHGE\WKHIRUPXOD
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ZKHUH9YROXPHRIWKHPHDVXUHPHQWFKDPEHUPPPDVVRIWKHWHVWHGVDPSOH
3. Results and Discussion 
7KHPLQHUDO DQG ZRRG UDZ PDWHULDO JULQGLQJ SDUDPHWHUV ZHUH ZRUNHG RXW H[SHULPHQWDOO\ 5DQJLQJ RI QDQR
GLVSHUVHGEDVDOWSDUWLFOHVE\VL]HZDVDVVKRZQLQ)LJ7KHDYHUDJHVL]HRIKLJKO\GLVSHUVHGEDVDOWLVQP
ZLWKDVDWLVIDFWRU\SRO\GLVSHUVLW\LQGH[
7KH UDQJLQJ UHVXOWVRI WKH VDZGXVWJULQGHG WR WKHXOWUDGLVSHUVHGVWDWHZHUHDV VKRZQ LQ)LJXUH7KHDYHUDJH
SDUWLFOH VL]H LV PP0RUHRYHU WKHUH ZDV D VPDOO DPRXQW RI WKH GLVSHUVHG IUDFWLRQ LQ WKH YROXPH RI WKH
KLJKO\GLVSHUVHGZRRGSDUWLFOHV
,W VKRXOG EH QRWHG WKDW WKH GHYHORSHGPHWKRGV RI JULQGLQJ DOORZ WR JHW UHSURGXFLEOH UHVXOWV DFFRUGLQJ WR WKH
GLPHQVLRQDOFKDUDFWHULVWLFVRIWKHSDUWLFOHVRIPLQHUDODQGYHJHWDOUDZPDWHULDOVDPSOHVXVHG
7RGHWHUPLQHWKHH[SRVXUHWLPHRIWKHVXVSHQVLRQVROLGSKDVHFRQWDLQLQJKLJKO\GLVSHUVHGZRRGSDUWLFOHVEHIRUH
LQWURGXFLQJ EDVDOW QDQRSDUWLFOHV DQG WR DFKLHYH WKH PD[LPXP HIIHFW RI ILOOLQJ WKH ZRRG SRUH VSDFH UHVHDUFK RQ
PLFURSDUWLFOHVVZHOOLQJZDVFDUULHGRXW7KHH[SHULPHQWGHPRQVWUDWHGZDWHUWRSHQHWUDWHHDVLO\WKHSRUHVRIKLJKO\
GLVSHUVHGZRRGSDUWLFOHVSURGXFHGE\WKHPHFKDQLFDOGLVSHUJDWLRQ7KHUHIRUHWKHGHQVLW\RIWKHSDUWLFOHVLQFUHDVHV
WKH VHGLPHQWDWLRQ RFFXUV WKH GLPHQVLRQDO FKDUDFWHULVWLFV RI WKH SDUWLFOHV LQFUHDVLQJ&KDQJLQJ RI WKH VROLG SKDVH
GLPHQVLRQDOFKDUDFWHULVWLFVVWRSVDIWHUPLQRIH[SHULPHQWLQJ7KHH[SHULPHQWVPDGHLWSRVVLEOHWRFDOFXODWHWKH
YROXPHWULFZRRGSDUWLFOHV VZHOOLQJ FRHIILFLHQW .S ZKDW FRUUHODWHV JRRG HQRXJKZLWKGDWDSXEOLVKHGE\
RWKHU UHVHDUFKHUV&RQVHTXHQWO\ WKHH[SRVXUH WLPHRI WKHUHDFWLQJVXVSHQVLRQ LVPLQXWHV WKHZRRGSRUHVSDFH
DOPRVWGRXEOLQJPDNLQJSRVVLEOHWKHIUHHSHQHWUDWLRQRIEDVDOWQDQRSDUWLFOHV
)LJ%DVDOWSDUWLFOHVUDQJLQJE\VL]H

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)LJ:RRGSDUWLFOHVUDQJLQJE\VL]H
0HDVXULQJWKHVXUIDFHȗSRWHQWLDORIWKHVROLGSKDVHSDUWLFOHVLQWKHDTXHRXVGLVSHUVLRQPHGLXPGHPRQVWUDWHG
WKDWLWLVIRUEDVDOWP9IRUZRRGP9$GGLQJSRWDVVLXPFKORULGHLQWRWKHVXVSHQVLRQFRQWDLQLQJEDVDOW
QDQRSDUWLFOHVUHGXFHVWKHQHJDWLYHȗSRWHQWLDORIWKHSDUWLFOHVDQGKHQFHWKHHOHFWURVWDWLFLQWHUDFWLRQEDUULHUEHWZHHQ
WKHVXUIDFHVRIZRRGDQGEDVDOWWRDYDOXHRIP97KHUHIRUHWKHIROORZLQJH[SHULPHQWVZHUHFDUULHGRXWZLWK
DGGLQJRI0J&OHOHFWURO\WH
$IWHUKDYLQJVRDNHGWKHSUHSDUHGVXVSHQVLRQWKHUHTXLUHGZRRGEDVDOWUDWLRLQWKHFRPSRVLWHZDVLGHQWLILHG
H[SHULPHQWDOO\E\PHDVXULQJWKHVROLGSKDVHSDUWLFOHGLPHQVLRQV7KHFRPSRVLWLRQZDVFRQVLGHUHGWREHRSWLPL]HG
DIWHUWKHZRRGSRUHVKDYLQJEHHQVDWXUDWHGZLWKEDVDOWSDUWLFOHVDQGH[FHVVLYHQDQRVL]HGEDVDOWSDUWLFOHVKDYLQJ
GLVWULEXWHGLQWKHGLVSHUVHPHGLXPRIWKHVWXGLHGVXVSHQVLRQ7KLVHIIHFWLVDFKLHYHGZKHQWKHZRRGEDVDOWUDWLR
SURSRUWLRQE\ZHLJKWLV
7KHHOHFWURQLFSKRWRJUDSKVRIWKHPLFURVWUXFWXUHGZRRGVXUIDFHEHIRUHDDQGDIWHUEWUHDWPHQWZLWKWKH
RSWLPXPPL[WXUHRIWKHFRPSRQHQWV)LJXUHGHPRQVWUDWHIXOOVSRQWDQHRXVILOOLQJRIWKHZRRGSRUHVWUXFWXUHE\
QDQRGLVSHUVHGPLQHUDOSDUWLFOHV 
)LJ(OHFWURQLFSKRWRJUDSKVZRRGPLFURSDUWLFOHVD±ILEHUSRUHVDUHRSHQHGELQWHUQDOFDYLW\LVILOOHGZLWKEDVDOWQDQRSDUWLFOHV
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
7KHH[WUDFWHGVROLGSKDVHRIWKHVXVSHQVLRQKDYLQJRSWLPXPPL[WXUHRIWKHFRPSRQHQWVDQGFRQWDLQLQJ
QDQRVWUXFWXUHGVDPSOHVRIWKHPLFURGLVSHUVHGZRRGZDVWHVWHGXSRQE\ZDWHULPPHUVLQJIRUKRXUVWRVSHFLI\WKH
ZDWHUDEVRUSWLRQLQGH[
$IWHUKDYLQJFDUULHGRXWVL[SDUDOOHOPHDVXUHPHQWVWKHPDVVLQFUHDVHLQWKHWHVWVDPSOHVZDVSURYHGWREH
VLJQLILFDQWO\ORZHUWKDQWKDWRIWKHLQLWLDOUDZPDWHULDOZDWHUDEVRUSWLRQIRUWKHLQLWLDOSLQHZRRGVDPSOHV
ZDV
7RHVWLPDWHILUHWHFKQLFDOSURSHUWLHVRIWKHZRRGPLQHUDOFRPSRVLWH:0&WKHVPRNHSURGXFWLRQFRHIILFLHQW
ZDVDSSOLHG7DEOHSUHVHQWVWKHH[SHULPHQWUHVXOWV
)RUWKHWHVWVDPSOHV:0&'PZDVPNJ7KHVPRNHSURGXFWLRQFRHIILFLHQWIRUWKHLQLWLDOZRRGVDPSOHV
ZDVPNJ:KLOHVPROGHULQJWKHVPRNHZDVSURGXFHGE\ZRRGKHDWLQJXSWRWKHWKHUPDOGHJUDGDWLRQ
WHPSHUDWXUHV7KHUHIRUHWKHILJXUHVGHPRQVWUDWHWKDWWKHVPRNHSURGXFLQJVXSSUHVVLRQWRRNSODFHLQWKHSURGXFHG
ZRRGPLQHUDOFRPSRVLWHDVWKHGHJUDGDWLRQSURGXFWVFRQYHUWWRWKHJDVHRXVSKDVH
7DEOH6PRNHSURGXFWLRQFRHIILFLHQW
1XPEHU PNJ /P Ɍ 7PLQ 'PPNJ
     
     
     
     
     

4. Conclusion
7KHSURSRVHGPHWKRGRIKLJKO\GLVSHUVHGZRRGPDWHULDOUHLQIRUFLQJZLWKEDVDOWQDQRSDUWLFOHVDOORZVJHWWLQJHFR
IULHQGO\PDWHULDOVEHLQJKLJKO\UHVLVWDQWWRZDWHUDQGWHPSHUDWXUHHIIHFWV7KHUHIRUHWKHIXUWKHUUHVHDUFKZLOOEH
FRQQHFWHGZLWKWKHGHYHORSPHQWRIWKHWHFKQRORJ\WRPDQXIDFWXUHQDQRVWUXFWXUHGZRRGPLQHUDOFRPSRVLWHV7KXV
WKHIROORZLQJFRQFOXVLRQVVKRXOGEHSUHVHQWHG
x :RRGPDWUL[UHLQIRUFLQJZLWKQDQRGLVSHUVHGEDVDOWILOOHURFFXUVVSRQWDQHRXVO\GXHWRWKHSK\VLFDOSKHQRPHQD
LQWKHZRRGPLFURSDUWLFOHSODFHGLQWRDGLVSHUVHPHGLXP
x 7KHRSWLPDOUDWLRRIWKHZRRGPLQHUDOFRPSRVLWHFRPSRQHQWVIRUPD[LPXPSRUHILOOLQJRIWKHKLJKO\GLVSHUVHG
ZRRGSDUWLFOHVZLWKQDQRGLVSHUVHGEDVDOWZDVVSHFLILHGDVSURSRUWLRQE\ZHLJKWZRRGEDVDOW
x 7KHGHYHORSHGZRRGPLQHUDOFRPSRVLWHLVFKDUDFWHUL]HGE\WKHZDWHUDEVRUSWLRQDOPRVWWZRIROGORZHUWKDQLQ
WKHRULJLQDOZRRGVDPSOHVDVZHOODVE\WKHVLJQLILFDQWO\GHFUHDVHGVPRNHHPLVVLRQFRHIILFLHQW
7KLVZRUNZDVILQDQFLDOO\VXSSRUWHGE\WKH5XVVLDQ0LQLVWU\RI(GXFDWLRQZLWKLQWKHEDVHSDUWRIWKHVWDWH
DVVLJQPHQW
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